This paper focuses on solving a series of problems, in particular, the extraction of planetary gear fault characteristics for cracked and broken teeth, using the frequency domain information exchange method. First, we discuss deficiencies in classical stochastic resonance fault feature extraction method. A number of issues are associated with adaptive stochastic resonance based on the re-scaling frequency method used during the small parameter issues, such as sampling frequency ratio constraints and easily induced aliasing of the target frequency band. Second, to overcome the above-mentioned problems, this paper proposes a frequency domain information exchange optimization method. Simulations were carried out used the proposed method and results were compared to those obtained using previously presented adaptive stochastic resonance based on the re-scaling frequency method. Finally, tests were performed on an experimental planetary gearbox failure platform to further verify the frequency domain information exchange method for effectively extracting planetary gear crack and missing tooth fault features.
Introduction
Planetary gearbox faults cause changes in the position of gears and sensors during operation resulting in signal modulation. These dynamic fault signals can be acquired by sensors, however, the complex transmission path results in attenuation. Therefore, the dynamic responses of planetary gearbox systems are very weak. Moreover, planetary gears usually work under low-speeds and heavy-loading conditions, in addition to harsh working environments that can lead to serious Gaussian random noise in the vibration response signals. Therefore, it is difficult to extract the fault characteristics of planetary gearboxes, in particular, faint features such as the weak signals indicating the early stages of a gear faults. This makes early fault diagnosis extremely difficult [1] . Current feature extraction methods for weak signals are mostly based on Gaussian random noise reduction or suppression, including wavelet analysis [2] , singular value decomposition [3] ,empirical mode decomposition [4] , high-order statistical analysis [5] , back propagation (BP) neural networks [6] , support vector machines [7] [8] [9] , empirical mode decomposition (EMD) [10, 11] , and similar Gaussian random noise reduction methods. The methods mentioned above have excellent outcomes in extracting features from weak signals and mechanical fault diagnosis in some situations. However, weak signals with high Gaussian random noise contamination are only further weakened by attempting to suppress the Gaussian random noise. This can have a considerable impact on feature extraction and make the detection of features in weak signals near impossible.
The stochastic resonance (SR) method uses part of the Gaussian random noise energy to enhance the signal energy [12] . In contrast to current methods, the SR method uses the unwanted Gaussian random noise to enhance weak signal characteristics. Synergetic effects of the nonlinear system, signal, and Gaussian random noise can make SR detection highly effective. Therefore, in recent years, SR has been researched in-depth and applied for weak signal feature extraction and mechanical fault diagnosis. Li et al. [13] studied the SR method and was able to detect impact signals in order to diagnose fixed axis gear faults. Han et al. [14] combined SR with a wavelet transform and successfully detected weak multi-frequency signals. Furthermore, a full-wave-enhanced SR method was proposed by Lu et al. [15] and applied to diagnose faults in rotating machines. Ren et al. [16] demonstrated good classification performance by applying SR to preprocess vibration signals and extract the feature sets. Li et al. [17] applied the Woods-Saxon and Gaussian SR to enhance the characteristic frequency of compressor blades, and effectively extracted early failure characteristics of cracks in the blades. Furthermore, Li et al. [18] studied an SR method based on adaptive singular value decomposition and effectively extracted the fault characteristics of bearings despite the presence of high noise levels.
Nonetheless, a number of problems still need to be solved in order to effectively use existing SR methods for planetary gear fault diagnosis. One of the main issues is that to achieve optimal effects, the SR parameters must first be optimized to obtain an SR system that best matches the input signal. In addition, to effectively process real signals, it is necessary to overcome the small-parameter limits required to satisfy the adiabatic approximation of SR. Moreover, an improved SR method better suited to the complex spectra and rich harmonic components of planetary gearboxes is needed. To address these issues, a method based on frequency information exchange and adaptive SR (FIE-ASR) is proposed and used for planetary gear fault signal processing and feature extraction. The effectiveness of the proposed method was evaluated by applying it to test signals representing planetary gear faults, including a cracked gear tooth and a gear with a missing tooth. Compared to existing methods, such as adaptive SR based on re-scaling frequency (RF-ASR), the proposed method was shown to be more effective in planetary gearbox fault diagnosis.
Adaptive stochastic resonance

Stochastic resonance principle
The SR system can be described by three components: a nonlinear system, Gaussian random noise, and periodic signal. When the synergistic effects of all the three components are optimal, the signal can be clearly enhanced by SR. In this paper, the bi-stable SR system is analyzed. The Langevin equation can be written as:
where and are the bi-stable system parameters, ( ) = sin(2 ) is a periodic input signal, is the amplitude of the input signal, is the characteristic frequency of the signal, ( ) is Gaussian white Gaussian random noise, ( ) = 0, ( ) ( − ) = 2 ( ), and is the Gaussian random noise intensity. The potential function of the bi-stable system is usually expressed as:
An illustration of the potential well concept is shown in Fig. 1 . The bi-stable function has an unsteady state = 0 two steady-states ± ( = ⁄ ) , and barrier height Δ = 4 ⁄ . When the input signal is zero, the system is in the steady state. Moreover, when the input signal ( ) is weak, sufficient energy does not exist to overcome the barrier, therefore the signal can only move within a single potential well. However, when a certain intensity of Gaussian random noise ( ) is added to the weak input signal, a portion of the additional Gaussian random noise energy is transferred to the signal and the signal can overcome the barrier. Thus, a transition between the two steady states occurs, that is, an SR phenomenon occurs. 
Optimization of adaptive stochastic resonance parameters
According to the principles of SR, the potential barrier is an important factor affecting the SR phenomenon. Barrier height Δ can be determined by selecting the values and . Therefore, the choice of system parameters and plays a pivotal role in whether SR occurs. To achieve optimal signal processing with SR method, it is particularly important for the system parameters to be adaptively optimized. In general, SR parameter optimization methods use a single system parameter as the optimization objective while all other parameters remain unchanged. Then, the influence of the parameter on the system output is discussed. However, these parameter optimization methods are local optimization methods that ignore the interaction between various parameters of the SR system. Therefore, only relative optimal values of the SR system parameters can be obtained [19] .
In this paper, to obtain the globally optimal solution of the SR system parameters and to achieve the best signal processing effects using the SR method, an adaptive SR method is proposed that simultaneously optimizes parameters and using the ant colony algorithm [20, 21] .
Verification of the adaptive stochastic resonance method
Simulation signal verification
An expression of the input signal can be given as:
where = 0.03, = 0.05 Hz, and the Gaussian random noise intensity of ( ) is 0.25. A sampling frequency = 20 Hz is assumed with = 2000 sampling points. First, the traditional parameter optimization method was used to optimize a single parameter of the system. One parameter was fixed, = 1, and was optimized. The simulation signal spectrum is presented in Fig. 2 . Then the other parameter was fixed, = 1, and was optimized. The simulation signal spectrum is shown in Fig. 3 . Finally, the proposed ant colony algorithm was applied to adaptively optimize the parameters and simultaneously, and the resulting signal spectrum is illustrated in Fig. 4 .
Comparing Fig. 4 with Figs. 2 and 3, it can be seen that the proposed ASR method is capable of extracting the signal characteristics more effectively. Thus, the effectiveness and superiority of the proposed method is verified. 
Test signal verification
The adaptive SR method proposed in this paper was applied to process the envelope signal of the fault signal collected from of a planetary gear with a missing tooth. A detailed description of the procedure is provided in Section 4.
As shown in Fig. 5 , the fault signal was not successfully extracted as the resulting signal does not contain the fault characteristics. The poor result is owing to the small parameter limits of SR [22, 23] . The method must be improved in order to successfully extract features from signals under real conditions. A detailed description of the adiabatic approximation of small parameters for SR is provided and an improved adaptive SR method is presented that overcomes the small parameter limits, i.e., an adaptive stochastic resonance fault diagnosis method based on frequency information exchange. 
Fault diagnosis using an adaptive stochastic resonance method based on frequency information exchange
Small-parameter conditions of SR adiabatic approximation
The function [24] representing the response amplitude ̅ of a bi-stable SR system that varies with Gaussian random noise intensity is given by:
however, real engineering signals do not satisfy the small-parameter conditions of the adiabatic approximation, that is, the characteristic frequency of the engineering signal cannot satisfy the condition ≪ 1. Therefore, overcoming the limitations of the small-parameter condition of the adiabatic approximation is an urgent problem. If solved, the signal to be processed would be able to undergo the SR phenomenon, thus making it possible to successfully process real engineering signals using the SR method. In this paper, a method based on frequency information exchange (FIE) is proposed to solve the problems associated with the small-parameter conditions of the SR adiabatic approximation. The method is discussed in detail in the next section. 
Mechanism of frequency information exchange
The FIE method involves exchanging frequency information at the characteristic frequency point of the original signal and reference frequency point to obtain a new signal.
A flow chart of the FIE method is presented in Fig. 7 . First, the original time domain signal ( ) is transformed using the Fourier transform to obtain a frequency domain signal ( ). Then, the frequency information at the characteristic frequency and reference frequency are exchanged. Now, the reference frequency contains the amplitude and phase information at the characteristic frequency . After the frequency domain exchanged, the signal is written as ′( ). Finally, the signal ′( ) can be transformed using the inverse Fourier transform to obtain a new time domain signal ′( ). The essence of FIE lies in modulating the upper and lower single sideband signals of the reference frequency signal and characteristic signal, respectively [24] . Letting the reference frequency signal ( ) = cos( + ), the characteristic signal ( ) = cos( + ), and cos( ) represent the carrier signal, the reference frequency signal modulated on the upper single sideband is:
Furthermore, the characteristic signal modulated on the lower single sideband is:
where * represents the Hilbert transform. Letting = − , after a single sideband signal modulation the frequency of the reference frequency signal ( ) is converted to , the frequency of the characteristic signal ( ) is transformed to , and the amplitude and phase information of each signal remain unchanged. That is, frequency information exchange between ( ) and ( ) occurs.
Adaptive stochastic resonance method based on frequency information exchange
A flowchart of the FIE-ASR method proposed in this paper is presented in Fig. 8 and the specific steps for implementing the method are as follows:
(1) Process the original signal using the FIE method. This involves exchanging frequency information between the signal characteristic frequency of interest and a reference low frequency. The exchanged signal now meets the small-parameter requirements of the adiabatic approximation.
(2) Optimize the SR system parameters and using the adaptive ant colony algorithm. Use the SNR of the system output signal as the evaluation function of the ant colony algorithm.
(3) Input the transformed signal from Step (2) into the SR system along with the optimized system parameters and from Step (3). The feature signal is now enhanced, and the signal features can be extracted. 
Simulation analysis
To verify the effectiveness of the FIE-ASR method, the method was used to process a simulated signal. The input signal can be expressed as:
where = 0.25, = 1.2 Hz, and the Gaussian random noise intensity of ( ) is 0.25. A sampling frequency of = 5 Hz was considered with = 1000 sampling points. The bi-stable system parameters were = 1, = 1.
Signal ( ) was input into the bi-stable SR system. The time domain waveform of the signal is shown in Fig. 9 (a) and the corresponding response is shown in Fig. 9(c) . The system is bi-stable; therefore, the input signal does not undergo the SR phenomenon. The input signal spectrum shown in Fig. 9 (b) and the response spectrum of the bi-stable system shown in Fig. 9(d) , demonstrate that the amplitude at the characteristic frequency of the input signal is not enhanced but instead considerably weakened. The reason for this phenomenon is that the characteristic frequency of the input signal, = 1.2 Hz, does not meet the small-parameter conditions required for SR. The FIE-ASR method proposed in this paper was used to process the same signal. First, the characteristic frequency information at = 1.2 Hz of the input signal was exchanged with the frequency information at the lower reference frequency = 0.01 Hz. The transformed signal spectrum is shown in Fig. 11(b) . It can be seen that the amplitude and phase information of the reference frequency exist at the characteristic frequency = 1.2 Hz, thereby satisfying the small-parameter conditions of SR. The transformed frequency domain signal was subjected to inverse Fourier transformation to obtain the post-FIE time domain signal, as shown in Fig. 11(a) . Taking the SNR of the output signal of the bi-stable system as the function to evaluate, the system parameters, and , can be adaptively optimized using the ant colony algorithm. The ranges of initial parameters of the system are 0 < < 10, 0 < < 10 and were each divided into 10 equal parts. For the optimization, the pheromone evaporation coefficient was 0.9, the number of ants was 100, accuracy was set to 0.03, and the maximum number of iterations was 20. Results of the parameter optimization are presented in Fig. 10 .
The optimized parameters were input into the bi-stable system and the time domain signals were found to be enhanced after FIE. The response waveform and spectrum of the bi-stable SR system are shown in Fig. 11(c), (d) .
The SR phenomenon produced by the system is significant, as seen in Fig. 11(c), (d) . Furthermore, the amplitude of the characteristic frequency = 0.01 Hz is much larger than 
Experimental validation
Experimental platform
A planetary gearbox fault diagnosis test rig (including experimental systems and three-dimensional models of the experimental systems [21] ), as shown in Fig. 12 , was used to validate the proposed method.
The planetary gearbox is comprised of a sun gear, three planetary gears, a planetary carrier, and a ring gear. The sun gear is located at the input end and the planet carrier is at the output end. Parameters and characteristic frequencies of the planetary gearbox are presented in Table 1 .
Various acceleration sensors were arranged on the housing of the gearbox to collect the vibration signals. In this paper, the signal obtained from a sensor fixed to the ring gear located on the front-side of the lower box is analyzed. The sampling frequency of the signal was 51.2 kHz and the sampling time was 200 s. The vibration signals of the planetary gearbox system were collected throughout the experiment under various conditions, including no fault (normal operating conditions), as well as fault conditions such as a cracked planet gear crack or planetary gear with a missing tooth. Photos of the gear faults are shown in Fig. 13 . To better simulate real operating conditions, strong noise was artificially introduced into the collected signal data. The time domain waveforms, spectra, and envelope spectra of the original signals are shown in Fig. 14. It can clearly be seen that strong noise disguises the weak signals of the planetary gearbox. In addition, the fault characteristics cannot be isolated regardless of whether the weak signal characteristics are found within the time-domain waveforms, spectra, or envelope spectra; therefore, failure of a planetary gear cannot be predicted without an appropriate signal extraction method. The FIE-ASR method proposed in this paper can be used to process vibration signals, as shown in Fig. 14. Considering the rich spectra and complex sidebands of the response signals of planetary gearbox systems, the envelope spectrum of the original signal under each condition must be analyzed to avoid complex sideband analysis. First, for FIE, the characteristic frequency of the planet gear fault = 8 Hz is taken as the target frequency and the reference low frequency is set to = 0.004 Hz. To avoid spectrum leakage and the possibility of inaccurate characteristic frequency calculations, frequency information with a bandwidth of 0.05 Hz is exchanged while centered on or . For example, the frequency bandwidth of 8 Hz±0.025 Hz exchanges information with 0.04 Hz±0.025 Hz. After FIE, the resulting signals were subjected to inverse Fourier transformation to obtain the transformed envelope signal of each fault condition. The adaptive ant colony algorithm was used to optimize the parameters of the bi-stable system and the optimal parameters of each condition were substituted into the system. Then, the transformed envelope signal was input into the system to enhance the SR. The response waveforms and spectra are shown in Fig. 15 .
Under normal conditions, no SR phenomenon occurs in the system response, suggesting the signal does not have a characteristic frequency component (Fig. 15 ). However, the SR phenomenon appears in the response of the systems with a cracked tooth and gear with missing tooth. From the response spectra, the amplitude at the reference frequency of = 0.04 Hz is particularly prominent and as the severity of the fault increases, the amplitudes of the signal become more evident. This is reflected by the fact that signals contain the characteristic frequency of the planetary gear fault corresponding to the reference frequency. The results are consistent with the real situation. 
Comparative analysis
As a comparison, the traditional RF-ASR method was used on the same simulated test signals. Taking the missing tooth planet gear fault as an example, a scale factor = 100 Hz was selected, and each characteristic frequency was scaled to ̅ = 0.003 Hz or ̅ = 0.08 Hz. The scale-converted envelope signal and envelope spectra are shown in Fig. 16(a) . The transformed envelope signal was input into the optimized bi-stable system to obtain the time-domain waveform and spectrum of the system response, as shown in Fig. 16(b) .
The signal also undergoes the SR phenomenon ( Fig. 16 ), however, based on the response spectra, it can be seen that the characteristic frequency corresponding to the enhanced frequency point is ̅ and not the fault characteristic frequency of the planet gear, and is therefore not the desired result, since it does not indicate whether a gear has failed. This phenomenon is caused by the Lorentz distribution of SR output Gaussian random noise [25] . Since harmonic components of a planetary gearbox are abundant, the characteristic frequency of the planetary carrier is much lower than the planetary gear fault (Table 1) . Although the characteristic frequency satisfies the small-parameter conditions of SR after re-scaling the frequency, during the bi-stable SR enhancement process, Gaussian random noise energy converges to low frequencies. As the characteristic frequency decreases, it becomes much easier to enhance. Therefore, after the characteristic frequency of the planetary carrier is enhanced, the system transitions at this frequency, resulting in the SR phenomenon. Since the fault characteristic frequency of the planetary gear has not been enhanced, ultimately it cannot effectively detect planetary gear faults. The FIE-ASR method proposed in this paper overcomes this problem by dealing only with characteristic frequency bands of interest, thereby avoiding the influence of other harmonic components in the system. The above results demonstrate that the proposed method is more suitable than traditional RF-ASR methods for fault feature extraction of planetary gearbox systems with complex spectra. a) Scale-converted envelope signal and envelope spectrum b) Waveform and spectrum of the system response Fig. 16 . Signal enhancement using re-scaling frequency-adaptive stochastic resonance (RF-ASR) method
Conclusions
In this paper, an adaptive SR method based on FIE was studied and applied to fault signal processing and weak feature extraction of planetary gears. Simulated signals were processed and analyzed, and vibration signals of a planetary gear fault diagnosis test rig were processed. Finally, the method was compared to the traditional RF-ASR method. The following conclusions can be drawn:
1) The FIE method overcomes the small-parameter limitations of SR and only considers the frequency bands of interest thereby avoiding the influence of other harmonic components. Moreover, the method solves the problem associated with the complex spectrum structures of planetary gearboxes and rich harmonic components, which previously made feature extraction from weak fault signals difficult.
2) Fault features can be effectively extracted, and the method has been verified via a thorough analysis and by processing the signals of a cracked planetary gear and a gear with a missing tooth.
3) Finally, compared to RF-ASR, the proposed method is more effective in planetary gearbox fault diagnosis.
